Cognitive event-related brain potential (ERP) studies of decision-making and attention, language, and memory impairments in Alzheimer's disease (AD) and mild cognitive impairment (MCI) are reviewed. Circumscribed lesions of the medial temporal lobe (MTL), as may be the case in individuals with amnestic MCI, generally produce altered plasticity of the late positive P600 component, with relative sparing of earlier sensory ERP components. However, as the neuropathology of AD extends to neocortical association areas, abnormalities of the P300 and N400 (and perhaps even P50) become more common. Critically, ERP studies of individuals at risk for AD may reveal neurophysiological changes prior to clinical deficits, which could advance the early detection and diagnosis of "presymptomatic AD".
COGNITIVE EVENT-RELATED POTENTIALS (ERPS)
Cognitive ERPs provide a powerful, non-invasive, tool for studying the brain's synaptic function. ERPs are an instantaneous reflection of the summated post-synaptic excitatory (EPSPs) and inhibitory (IPSPs) membrane potentials, primarily of pyramidal cells in the neocortex [1] [2] [3] . The temporal immediacy of ERPs is especially advantageous in the study of memory, given that memory encoding and retrieval processes can be very fast, and in light of the evidence that the temporal encoding of information may be important if not essential for synaptic plasticity [4, 5] . Because ERPs (like Magnetoencephalography or MEG) reflect the precise timing and temporal patterns of neuronal activity, they are very useful in quantifying the timing and sequence of the various stages or aspects of cognitive processing, more generally. In broad stroke, evoked potential (EP) and ERP research have shown that early brain responses (e.g., the visual N1) generally reflect the sensory input characteristics, while later responses are relatively more dependent on the mental operations performed on the stimuli as well as on non-sensory factors such as predictability, higher perceptual and semantic features. It is these slower, later, so-called endogenous components that have shown particular sensitivity to Alzheimer's disease (AD), a disease with predilection for the medial temporal lobes and higher association neocortical regions [6, 7] .
AD AND SYNAPTIC DYSFUNCTION
In recent years, several investigators have suggested that AD may be primarily a disorder of the synapse and synaptic plasticity [8] [9] [10] . Several transgenic animal models of AD, for instance, have revealed prominent inhibition of long-term potentiation (LTP) and/or reduced synaptic transmission before the appearance of extensive AD pathology (amyloid plaques and neurofibrillary changes) or neuron loss [11, 12] . As a consequence, much of the current basic research focuses on the mechanisms of synaptic dysfunction in AD and its relationship to Aβ oligomers [13] . Selkoe [9] , for example, made a substantive change in his model of AD pathogenesis, when he suggested that the earliest changes in synaptic function may be due to soluble forms of Aβ and precede the appearance of any extracellular amyloid deposits. Clinico-neuropathologic studies, likewise, have implicated the synapse as a primary mediator of dementia severity. Terry et al. [14] , for example, found that nearly 90% of the variance in dementia severity could be accounted for by the density of pre-synaptic terminals in mid-frontal cortex. Electron microscopy of cortical biopsies in early-to midstage AD shows a 30% decrease in synaptic density and a 25% decrease in synapses/neuron [15] . Bertoni-Freddari et al. [16] reported a large increase in the proportion of deafferented synapses on hippocampal neurons from autopsied AD cases. In short, it is reasonable to conceive of AD as a diffuse deafferentation syndrome, in which both the neocortex and hippocampus have lost a critical proportion of their normal inputs [17] . Accordingly, cognitive ERPs may provide a highly sensitive biomarker for AD.
MIDDLE-LATENCY ERP COMPONENTS IN AD DEMENTIA (P50, N100, P200 AND N200)
In general, EP and ERP studies in AD have shown normal latency and amplitude of the early "sensory" components (e.g., visual and auditory N1 or N100). In 1987, Goodin and Aminoff [18] reported normal auditory N100 and P200 latencies in AD in response to frequent, standard (i.e., non-target) tones in a classic auditory "oddball" P300 paradigm (see also section on P300 studies of AD below). This finding was despite the fact that their AD patient group was severely impaired (6 of 22 AD patients were too severe to be tested with the mini-mental state exam (MMSE)). N100 and P200 latencies were also found to be relatively insensitive to normal aging, but sensitive to subcortical dementias such as Huntington's or Parkinson's disease [19] .
Delayed P200 latency to pattern reversal or to flash stimuli in AD has been reported in some (e.g., [20, 21] ) but not other studies (e.g., [22] ). A delayed flash P200 has been suggested as useful in distinguishing AD from other dementias, particularly when normal flash P100 and pattern reversal P100 s are present [23, 24] . Martinelli et al. [20] also found delayed visual P200 in AD, using pattern visual evoked potentials. Furthermore, they reported that P200 amplitude over the right posterior scalp correlated with visuospatial abilities. However, Saitoh [25] used a visual target P300 paradigm, and found normal P100, N100, and P200 components in AD.
Most investigations of verbal stimuli -spoken [26] or written [27] also have found normal (amplitude and latency) N100 and P200 components in mild AD patients. In response to non-verbal, auditory tones, Golob and Starr [28] found robust P50 potentials (also termed the auditory P1) in mild AD, which were significantly enlarged compared to healthy elderly. One caveat for this result is that reduced slow-negative "readiness potentials" in AD also resulted in slightly more positive pre-stimulus baseline voltage in the AD group.
N200
Rather consistent abnormalities in auditory N200 latency have been reported in AD [19, 29, 30] . The N200 is the earliest ERP component which consistently differentiates target from non-target stimuli in an "oddball" task, and immediately precedes the P300 discussed below. It is also sensitive to normal aging, becoming smaller and slower with age [31] at a rate nearly as fast as the slowing of P300 latency [19] (e.g., estimated at 0.74 ms/year, in comparison to 1.15 ms/year for the P300). Duffy et al. [32, 33] have shown that visual motion-elicited ERPs may help identify a subtype of AD. AD patients with low ability to detect random dot motion also showed large decrease in their N200 amplitude response to optic flow with nearly absent N200 in response to radial motion of coherent dots. The authors interpreted this finding as implicating greater neuropathology in the extrastriate visual cortex of this subgroup.
In sum, later components, such as the N200 and P300 (discussed below) have shown better sensitivity to dementia than early sensory components, albeit poor specificity in differentiating among the various dementias.
P300: OVERVIEW
The P300 (or 'P3b') component is a scalp positivity elicited by low-probability task-relevant stimuli during stimulus classification tasks in auditory, visual, and somatosensory modalities. In the canonical P300-eliciting experiment, the "auditory oddball" task, participants are asked to detect (by counting or button press) a low-probability "target" (e.g., high-pitched) tone embedded in a stream of "standard" (e.g., low-pitched) tones. The target tones normally elicit a large scalp positivity which peaks ~300 ms post-stimulus onset and is maximal over midline centroparietal electrode sites (unlike the frontally distributed 'P3a' elicited by task-irrelevant stimuli, e.g., dog barking). The standard tones typically do not elicit a P300 (although see Squires et al. [34] for demonstration that standards may also occasionally elicit some P300 activity). This pattern of results (P300 s to target tones only) is dependent on attention. The P300 has been extensively studied and well characterized in both normal and neurologically-impaired populations. P300 latency is variable, and generally increases with the complexity of the stimulus evaluation and decisional processes demanded by the task. P300 amplitude and latency are modulated by a variety of factorssubjective probability, stimulus saliency, availability of attentional resources [35] -and it appears to be generated by a distributed network of neural regions-inferotemporal, perirhinal, prefrontal, cingulate, superior temporal and parietal cortices, as well as the hippocampus [36, 37] -suggesting that P300 may index a heterogeneous set of cognitive processes. On the other hand, studies of patients with damage to the temporo-parietal junction have found that the auditory (although not visual) P300 response is eliminated [38] , suggesting that this neocortical region may be critical in generation or propagation of the scalp P300 (in the auditory modality). In general, the P3b amplitude has proven more sensitive to sensory-perceptual than response selection and execution factors, in contrast to reaction time measures which are sensitive to both, It is generally agreed that when a stimulus elicits a P300 component, it is reasonable to assume that the stimulus has been encoded into working memory. This is generally consistent with the hypotheses that P300 reflects processes involved in updating of working memory [39] , or the processes of stimulus categorization [40] .
P300 IN ALZHEIMER'S DISEASE
With normal aging, the latency of the auditory P300 increases ~1-2 ms/year [19, 41] . In AD, an even greater latency increase (~2 standard deviations above the mean of normal older individuals) is commonly reported, and some studies have found that P300 latency may be useful to differentiate between AD pathology and other disorders (e.g., depression, schizophrenia [42, 43] ), although others have not [44, 45] . The clinical utility of P300 latency measures is generally enhanced in combination with standard neuropsychological tests. Goodin [46] , for example, found that in cases of equivocal dementia (50% pretest probability), those with concurrent P300 latency delay showed a greater likelihood of having a dementing illness (estimated at 90%). One study found change in P300 latency was more sensitive to disease progression (over 1 year) than either the Cognitive Abilities Screening Instruments (CASI) or MMSE in both AD and MCI [47] . P300 amplitude also appears to be reduced in AD, although P300 amplitude reductions are also seen in several other neurological and psychiatric disorders (e.g., vascular dementia, schizophrenia). In summary, the literature indicates that auditory P300 measures show moderate correlations with minimental status exam (MMSE) scores [45, 48] and have greater sensitivity to more advanced stages of dementia.
Factors that appear to affect the clinical utility of P300 include the methodology usedespecially with respect to attentional and memory-load demands -and the dementia severity of the patient group (see detailed review in Olichney and Hillert [49] ). Abnormal P300 latencies are more likely to be reported in more complex tasks (e.g., counting) relative to simple target-detection tasks. It is interesting to note, however, that this effect is not simply due to task difficulty per se; Polich and Pitzer [50] , for example, reported that increasing the difficulty of sensory discriminations actually decreased the discriminative sensitivity of P300 latency and amplitude measures. Although the P300 response has been most commonly studied in the auditory modality, studies using visual [50] and olfactory [51] stimuli have reported greater sensitivity to AD pathology. Morgan and Murphy [51] investigated olfactory event-related potentials (OERPs) and found delayed P200 and P300 latencies, which were significantly correlated with AD dementia severity and had a stronger (92%) value in differentiating AD from normal aging group than auditory P300 measures.
N400: OVERVIEW
The N400 is a scalp negativity elicited in response to potentially meaningful stimuli that peaks 400 ms post-stimulus over bilateral posterior channels. The N400 is typically larger over the right hemisphere for visual words, but sometimes shows a slight left-hemisphere bias for spoken words [52, 53] . Intracranial recordings have consistently found N400-like potentials in the anterior fusiform and parahippocampal gyri bilaterally [54, 55] ; other candidate N400 generators include the superior temporal sulcus, and posterior parietal and ventral prefrontal cortices [56] . N400 amplitude is sensitive to the semantic congruity of the eliciting stimulus with the (preceding) context, being smaller in a congruous context (e.g., a coherent sentence, a single related word) than incongruous one. N400 amplitude is also reduced by stimulus repetition (reviewed in a later section). The effect of semantic congruity on N400 amplitude (the "N400 effect") has been interpreted to reflect the reduction in processing effort needed to access the meaning of a stimulus, given a coherent predictable context [57, 58] , i.e., "contextual integration" (though see Kutas & Federmeier [59] for an alternative account in terms of semantic memory activation).
N400 IN ALZHEIMER'S DISEASE
The presence or absence and amplitude of the N400 have been used to evaluate the integrity of semantic memory in Alzheimer's disease. Language dysfunction is evident relatively early in the course of AD, patients often presenting with word-finding difficulties and poor performance on tests of letter and category fluency [60] . The latter is especially suggestive of a breakdown of semantic memory [61] . Indeed, behavioral studies (e.g., the triadic word task) have found evidence that semantic associations are progressively degraded in AD [62] . Nonetheless, it continues to be a matter of debate whether the semantic impairment in AD is primarily a deficit in retrieving information from an intact memory store, or a degradation of the representations themselves [63] .
The N400 response to written words is sensitive to normal aging: N400 latency increases at 2 ms/year and N400 amplitude decreases at ~0.07 μV/year across the adult lifespan [64, 65] . From ERP studies of semantic memory (reviewed below), it is apparent that the N400 is usually abnormal in AD, typically reduced in amplitude and delayed in latency beyond that seen in normal aging. The progressive flattening of the N400 may be a manifestation of failing N400 generators. Quantitative measures of N400 latency may provide an accurate metric of dementia stage and progression. Using multiple linear regression analyses, Iragui and colleagues [66] found that neuropsychological test scores could explain >80% of the variance (R = 0.90) in the N400 latency (fractional area latency of the difference wave contrasting incongruous and congruous endings to statements defining opposites).
N400: SEMANTIC CONGRUITY EFFECTS IN AD
Investigations of the N400 congruity effect in sentence processing have generally found abnormalities in AD. For example, Ford et al. [67] found that the N400 expectancy/ congruity effect to sentence-terminal words in speech was significantly reduced (though still greater than zero) in AD relative to age-matched controls. Revonsuo et al. [26] likewise reported a reduced N400 congruity effect in speech in AD patients. In that study, no overt response was required of the participants-they were simply told and periodically reminded to attend to the sentences-so the results are unlikely to be 'contaminated' by the P300 component, known to be delayed in AD. In an early study by Hamberger et al. [68] , the N400 to visually presented sentence-ending words was modulated by expectancy and semantic relation to virtually the same extent in AD patients as in young controls. Older controls showed a different pattern of N400 and RT effects, which the authors attributed to a response strategy, although N400 amplitudes in the older controls and AD patients were not reliably different.
Studies using minimal semantic contexts to elicit an N400 effect have generally found that the effect to be diminished in AD. In a study by Schwartz et al. [69] , participants heard a category name, then saw a word, and judged whether the word belonged to the named category (e.g., "animal" -'cow'). The N400 effect -small negativity elicited by congruous relative to incongruous target words -was both smaller and delayed in AD patients relative to age-matched controls. Iragui et al. [66] observed similar results. In that study, participants listened to short statements that defined a category (e.g., "a type of flower") or an antonymic relation (e.g., "the opposite of tall"), and then saw a word that was either congruous or incongruous with the preceding statement; their task was to judge the congruity of the statement and target word. The N400 effect was significantly reduced and delayed in AD patients relative to controls. Reduced N400 effects in AD also have been found with pictorial stimuli used as primes for lexical targets [27] , as targets following lexical primes [70] , and as both prime and target [71] [72] [73] .
Despite the preponderance of evidence suggesting that the N400 response is abnormal in amplitude and/or latency in AD, some of these studies have nonetheless found evidence of normal semantic network structure in AD. Hamberger et al. [68] , for example, found that AD patients' N400 response followed the expected amplitude gradient across sentence ending types: unrelated-nonsense > unrelated-sense > related-sense > best completion. Schwartz et al. [69] compared the N400 effect for target words primed by superordinate and subordinate category labels and found that, in both AD patients and controls, the effect was larger for subordinate labels. Furthermore, two studies found evidence that anomia in AD may be independent of the integrity of the semantic system. Auchterlonie et al. [70] observed that the N400 congruity effect for pictures primed by words was similarly diminished for pictures, whether or not they were later named correctly. Ford et al. [27] also noted a dissociation between naming behavior and N400 response, albeit the opposite one: AD patients showed small but significant N400 congruity effects for word targets whether primed by named or unnamed pictures. One possible explanation for this apparent discrepancy is that the semantic information contained in pictures may provide a more powerful connection to the representations still present in the long-term memory of AD patients than do written words.
SUMMARY: N400 SEMANTIC CONGRUITY EFFECTS IN AD
Most ERP studies of semantic processing in AD have shown smaller and later N400 congruity effects. At the same time, AD patients have been found to show a normal gradient of N400 congruity effects over different levels of category hierarchy and expectancy, suggesting that the functional organization of semantic memory is relatively preserved in mild AD. Furthermore, ERP evidence has been used to argue that anomia in AD is not simply attributable to impaired semantic processing. Thus, there appear to be an independent deficit in the retrieval of semantic information. The N400 component may provide a useful biomarker for monitoring the stages of disease progression in AD.
LATE POSITIVE COMPONENT (LPC/P600): OVERVIEW
Many ERP studies in normal subjects have identified a Late Positive Component (LPC), sometimes called the P600, which appears to be important in the mediation of both memory encoding and retrieval processes. Subsequently recalled or recognized words generally have larger late positivities than non-recalled words [74, 75] and the size of this difference (often called "Dm" in the ERP literature) be reduced by "directed forgetting" instructions [76] . Intracranial studies in the human hippocampus have recapitulated the "Dm" effect of scalp ERPs [77] , with larger positivities to words subsequently recalled [78] . The scalp P600, or 'LPC', is a late positivity with a centro-posterior maximum, which peaks 600 ms poststimulus onset. Intracranial studies also identified putative P600 generators in the parahippocampal gyrus, many paralimbic cortical areas (e.g., temporal pole, rhinal & perirhinal cortex, posterior cingulate) and in multimodal association (e.g., ventrolateral prefrontal, lateral temporal cortex) [37, 56] . Intracranial depth recordings have shown that very large (>200mV) P600-like potentials are generated in the human hippocampus (HC) but it is unclear to what extent these potentials propagate to the scalp [37] .
N400/P600: QUANTITATIVE MEASURES OF REPETITION EFFECTS IN ALZHEIMER'S DISEASE
The neuropathology of AD affects the medial temporal lobes early in the course of the disease, and deficits of episodic memory are usually the earliest presenting symptom. One might thus expect ERP word-repetition effects in AD to resemble those of medial-temporal amnesics. Studies of ERP word-repetition effects in AD, however, have produced a complex pattern of results.
Using a continuous semantic judgment task (button-press required for 'animal' names) with incidental repetition of non-targets ('non-animal' words were repeated; average lag: 30 sec) in AD, Friedman et al. [79] reported preserved late (700-1000 ms) repetition effects in most (6 of 10) mild AD patients. These authors attributed the residual repetition effects to relatively preserved implicit memory processes in AD. Rugg et al. [80] used a similar continuous task with incidental repetition at somewhat shorter lags (average: 6-21 sec) and found ERP repetition effects (300-400 and 400-700 ms) in AD that were statistically indistinguishable from those in controls, although a trend for a smaller repetition effect with longer lags was noted. In contrast, Tendolkar et al. [81] employing an explicit word-list memory task and a longer inter-item lag (~5 minutes), found very different results. In that study, controls exhibited a large repetition positivity for correctly recognized old items in both early (300-600 ms) and late (700-900 ms) latency windows. This effect was further enhanced for items for which source memory was also correctly retrieved (words had been displayed in one of two colors) from 600-900 ms, supporting a link between late positivity (P600) and conscious retrieval processes. In AD patients, no late repetition effect was present, and an effect in early latency windows (300-500 ms) showed a distinctly frontal distribution. The authors attributed this frontal old/new effect to familiarity [82] . Furthermore, patients' source memory was at chance, suggesting that their above-chance recognition performance (62%) was due to a sense of familiarity (or another such implicit process) and not to recollection of the study event. Using a continuous lexical decision task with incidental repetition at long lags (>90 items or >7.5 minutes), Schnyer et al. [83] likewise found a repetition positivity from 300 to 650 ms in controls, but no discernible effect in AD patients.
A study in our laboratory [84] applied a word repetition paradigm with semantically congruous and incongruous words (details described in [85] ) to patients with mild AD. Normal elderly demonstrated large decrement in P600 amplitude to repeated, relative to new, congruous words, and the amplitude of this change correlated strongly with verbal memory performance [85] . Thus, we believe this P600 word repetition effect is a measure of the updating of working memory with the content of long-term memory. With efficient learning of category exemplars, this updating is not necessary for repeated target stimuli. As we had observed in patients with chronic amnesia, patients with mild AD had markedly reduced P600 word-repetition effects (statistically 'absent' when analyzed across all scalp channels). Unlike chronic amnesia, patients with mild AD also showed significant diminution of the N400 word-repetition effect. Thus, both the P600 and N400 repetition effects were 'lacking' in the AD group [84] . The loss of the N400 repetition effect may correspond to abnormal semantic/conceptual priming, as has been found in several behavioral studies of mild AD [86] . Furthermore, when 10 th percentile (in normal elderly) cutoffs for the P600 and N400 word-repetition effects were applied, all 11 mild AD patients were correctly classified as abnormal on one or both measures (sensitivity: 100%; specificity: 82%), suggesting that this paradigm has promise for use in the diagnosis or early detection of AD.
FMRI STUDIES OF WORD REPETITION IN AD
The word repetition paradigm described above has been adapted for functional Magnetic Resonance Imaging (fMRI) studies, in order to identify the neural generators underlying the P600 word repetition effect. Normal elderly showed activation to New > Old congruous words in a distributed network of putative P600 generators, including bilateral cingulate and fusiform gyri, left medial temporal lobe (LMTL), and left inferior frontal gyri (IFG) [87] . Furthermore, significant correlations were present between the magnitude of New-Old activation in these regions and subsequent memory performance, implicating this neural circuit as critical for successful verbal memory encoding. In contrast, a group of mild AD patients showed weak or absent response to New-Old congruous word contrast, with only one such significant cluster (IFG) in the entire left hemisphere [88] .
EEG OSCILLATORY ABNORMALITIES IN AD
Event-related dysynchronization/synchronization (ERD/ERS), the time-locked change in power of EEG frequency band (i.e., delta, theta, alpha, beta, and gamma) activities [89] , also has been employed to explore cognitive and non-cognitive neural processing in AD. In a finger movement task, for example, AD was found to show increased centromedial beta ERD during movement and increased ipsilateral rolandic beta ERS in the post-movement period, with abnormal frontal preponderance of both activities [90] . Diminished ERD in 7-17 Hz frequency over temporal area has been observed in the AD group during retrieval of a Sternberg memory task [91] . Another study using a two-back working memory paradigm found reduced beta ERS at parietal sites of AD patients [92] . Event-related oscillation analysis also has been used to evaluate the outcome of cholinesterase inhibitor treatment on AD. Both treated and untreated AD patients exhibited lower delta activity, while theta response was sensitive to the treatment with a reduction after cholinesterase inhibitor therapy [93, 94] .
ERPS IN MILD COGNITIVE IMPAIRMENT (MCI)
In a 5 year follow-up study, Golob and colleagues [95] demonstrated that both P50 amplitude and P300 latency, elicited in an auditory oddball task, increase with mild cognitive impairment (MCI). P50 amplitude predicted progression from MCI to AD, and differentiated amnestic MCI subtype from MCI with other cognitive impairments beyond memory deficit [96, 97] . Several studies have found N200 and P300 abnormalities in MCI, with some results suggesting that amplitude or latency of N200 may have stronger value in discriminating MCI patients from normal control [98] [99] [100] . However, Phillips et al. [101] , using the Sternberg working memory task, found no difference in either the P300 or N200 in MCI compared with controls (but their mild AD group had reduced P300 amplitude). In a sample of amnestic mild cognitive impairment (aMCI), ERP components reflecting familiarity and retrieval monitoring were preserved for picture, but not for word recognition [102] .
N400/P600: REPETITION EFFECTS IN MILD COGNITIVE IMPAIRMENT
Another study in our laboratory used the congruous/incongruous word repetition paradigm to evaluate N400 and P600 repetition effects in MCI [103] . In MCI, as in controls, target words that followed congruous category statements elicited a positive shift in N400 amplitude relative to incongruous pairings, but this effect (incongruous vs. congruous word voltage difference) was delayed in MCI. The N400 repetition effect-initial vs. repeated incongruous pairings-was likewise present but delayed in MCI. The P600 repetition effect -initial vs. repeated congruous pairings-was not significantly different from zero in the MCI grand average.
Longitudinal follow-up with annual ERP assessments [104] demonstrated that the N400 repetition effect is diminished and spatially restricted at baseline (Year 1) in MCI patients who convert to dementia within the next 3 years ("MCI converters", see Fig. 1 ., 3rd column). One year later, when most of these patients were still in the MCI stage, the converter group on average showed an absence of the N400 repetition effect (right side of Fig. 1.) . The P600 repetition effect also proved very sensitive to MCI converters, with no statistically significant repetition effects at either year 1 or year 2. It is noteworthy that abnormalities of either the P600 or N400 repetition effect at baseline in MCI carried a poor prognosis, with approximately 88% risk of conversion to AD within 3 years, compared to a 11-27% risk in those MCI cases with normal ERP repetition effects.
SUMMARY: N400/P600 REPETITION EFFECTS
Recent work dissociating N400 and P600 repetition effects has found that MTL amnesics, whose ability to encode events into long term memory is compromised, show intact N400 but impaired P600 effects. This pattern of findings supports an association between implicit and explicit processes and N400 and P600, respectively. In AD, both N400 and P600 repetition effects are severely diminished. In MCI, the presence of either reduced N400 or P600 repetition effects appears very promising as a potentially useful biomarker for those individuals at highest risk for subsequent conversion to AD dementia.
PRECLINICAL AD
In this era of sensitive biomarkers to amyloid deposition (e.g., PiB-PET and CSF A-beta amyloid levels), many elderly persons now have AD-related changes detected many years prior to observable cognitive symptoms, i.e. in the 'preclinical AD' stage. While brain amyloid is necessary for the diagnosis of AD, it may not suffice to produce cognitive decline in some elderly persons. As noted above, neuropathologic studies have implicated the synapse as the primary mediator of dementia severity in AD, with >80% of the variance in severity accounted for by the density of pre-synaptic terminals in mid-frontal cortex [14] . Transgenic animals often show inhibition of LTP and/or reduced synaptic transmission prior to the appearance of amyloid plaques and neurofibrillary changes [12] . This highlights the need for more accurate biomarkers for AD, especially biomarkers sensitive to emerging memory failure (pre-'MCI'). Therefore, recently proposed research criteria for Preclinical AD [105] divide this entity into 3 stages, based on the presence of symptoms and evidence of synaptic dysfunction (or neurodegeneration). Elevated CSF phospho-tau is one such marker of synaptic dysfunction. To date, neither EEG nor ERP markers have been incorporated into these criteria. Non-invasive cost-effective measures of synaptic dysfunction, as can be provided by ERPs and EEG, however, could potentially be very useful for the earlier diagnosis staging of AD. In short, there is a pressing need for improved electrophysiological markers of impaired synaptic plasticity and memory. One important application for such a marker would be to aid in the differentiation of Preclinical AD, perhaps while still in the asymptomatic stage, from normal aging.
EEG/ERP ABNORMALITIES IN PRECLINICAL AD
A rich literature has shown that EEG and ERPs can both be very sensitive tools for measuring brain aging. Prichep and colleagues [106] , for example, applied quantitative EEG (QEEG) to elderly persons with symptomatic memory complaints ("Reisberg FAST stage 2") and found that certain QEEG abnormalities (e.g., increased theta power, slowed mean background frequency, changes in covariance among centro-parietal regions) were strongly predictive of subsequent cognitive decline over the next 7 years (logistic regression models achieved a predictive accuracy of 90%). ERPs likewise have shown promise in their sensitivity to preclinical stages of AD. Several ERP studies have reported various sensitivities in those at increased genetic risk for AD. Boutros and colleagues [107] , for example, reported increased P50 and P300 amplitudes in a small group of normal subjects genetically at-risk for AD (first degree relatives of autopsy confirmed AD cases; mean age 53 yr old). Green and colleagues [108] reported delayed N200 and P300 latencies in a similarly-aged group of apolipoprotein E4 (the most common genetic risk factor for AD) carriers with a positive family history of AD. Murphy et al. [109] presented names of odors previously encoded (targets) or not (foils) to carriers of ApoE4, and found significantly longer P300 latencies in the ApoE4 carriers, consistent with prior reports of olfactory odor recognition memory impairment in ApoE4 carriers [110] . Golob et al. [111] examined familial AD (FAD) carriers (mean age = 34) with presenilin-1 (PSEN1) or amyloid precursor protein (APP) mutations with an auditory oddball task and obtained delayed ERP components including N100, P200, N200 and P300 in this group with familial AD while most were in the asymptomatic (CDR = 0) stage. Bobes and colleagues [74] observed that asymptomatic carriers of E280A PS-1 mutation have a parietal distribution of N400 congruity effect elicited by picture-pairs while normal elderly show a central maximum.
Recent retrospective review of all our "normal" elderly controls, followed longitudinally by a NIH-funded ADRC or ADC, identified 7 cases who were most probably in the early stages of Preclinical AD at the time of their ERP recordings. All entered as normal controls and continued to perform within normal limits on an annually administrated extensive neuropsychological test battery. In the years following the ERPs, however, these cases showed cognitive decline (to AD or MCI, n = 6) or had AD pathology verified at autopsy (n = 4, mean Braak stage = 3.0). Compared to 12 "robust" normal elderly (RNE) participants (top row in Fig. 2 ), all of whom remained cognitively normal (average follow-up = 9.1 years) with longitudinal neuropsychological testing, the Preclinical AD group had significantly smaller P600 repetition effects (mean amplitude of RNE = 3.28 μV; Pre-AD = 0.10 ± 0.89 μV) [112] . The consistently abnormal (reduced or absent) P600 effects seen in this small Preclinical AD group shows the great promise which ERP biomarkers such as the P600 have for the detection of the earliest stages of synaptic dysfunction.
CONCLUSIONS
We reviewed several abnormalities in the cognitive ERPs of AD patients. Early, sensoryevoked, obligatory potentials (e.g., N100) are typically normal in AD (though see work on P50) whereas potentials starting around 200 ms and beyond are more consistently abnormal even in the earliest stages of AD and MCI. This pattern of ERP findings is consistent with the neuropathology of AD. Predilection sites in early AD include the medial temporal lobe, other limbic areas, and multimodal association cortices with relative sparing of unimodal sensory cortex. Late endogenous components in known paradigms can be useful for assessing specific hypotheses about the change in cognitive processes in AD, MCI, and amnestic patients. A P300 paradigm, for example, can be very useful in detecting a disorder of attention or in quantifying the effects of drugs which improve attention, such as the cholinesterase inhibitors. For the early diagnosis of AD or other memory disorders, a word repetition paradigm (typically eliciting N400 and P600 modulations) with an explicit recognition task or one that fosters associative learning would be recommended. As discussed above, the N400 has potential use in tracking AD progression. Last but not least, the sensitivities of a number of ERP components have great promise in the detection and quantification of synaptic dysfunction in the presymptomatic stages of Alzheimer's disease. Spherical spline topographic maps illustrate the incongruous word repetition effect (ERPs to new minus old semantically incongruous words) in consecutive 50 msec epochs for normal old (left) and MCI stable (left middle) groups at year 1, and MCI converters at year 1 (right middle) and year 2 (right). Grand average ERPs to initial (dash line) and repeated (solid line) presentation of congruous words in "robust" normal elderly (RNE) (top row) and Preclinical AD patients (bottom).
